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doi:10.1016/j.jmu.2012.04.006Although its clinical utility remains under investigation, sonoelastography has demonstrated
potential for use as an adjunct diagnostic tool in musculoskeletal medicine. Sonoelastography
is a diagnostic ultrasound technique that provides a noninvasive means of estimating soft tissue
elasticity and stiffness. It is based on the principle that the compression of soft tissue produces
strain that is greater in tissues that are softer and more elastic than in harder, more rigid
tissues. Pathological and healthy tissues can present with similar echogenicity and morphology
on conventional ultrasound. However, alterations in tissue elasticity often occur with degen-
eration or other pathological changes that involve the soft tissues. When evaluating tendino-
pathy, in addition to observing changes in echogenicity and morphology, physicians should also
consider measuring tendon stiffness and elasticity. This review article addresses the theoret-
ical background, clinical utility, and technical limitations of sonoelastography for the diagnosis
of common tendinopathies and plantar fasciitis.
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Within the last decade, sonoelastography has gained an
increasing amount of attention because it is a noninvasive
way of estimating tissue stiffness by analyzing the ultra-
sonic radiofrequency signals produced by standard ultra-
sound equipment [1]. Several previously published studies
have used sonoelastography to differentiate benign and
malignant tumors in the liver, thyroid, breast, prostate, and
cervix [2e6]. However, its applications in the musculo-
skeletal field remain under investigation. Sonographically,
tendinopathy can present with focal or diffuse thickening,
intratendinous hypoechoic areas, loss of fibrillar echo-
texture, and/or hypervascularity [7]. In general, ultraso-
nography can clearly demonstrate tendinopathy in
morphological images. However, it can be challenging to
delineate certain pathological changes, such as edema,
hemorrhage, mucoid degeneration, and partial tears using
B-mode sonography because they can occasionally present
as isoechoic images [8]. Under these circumstances, addi-
tional measurement methods are needed to detect the
underlying pathology. Biomechanically, an injured tendon
exhibits changes in stiffness, whereas a healing tendon
progressively regains its normal stiffness and elasticity [9].
Based on this principle, determination of tissue stiffness
can reflect its healing status.
Sonoelastography is basedon theprinciple that internal or
external disturbances cause varying degrees of displacement
in different regions of soft tissue. Currently, sonoelastog-
raphy equipment mainly detects vertical displacement.
Displacement occurs to a lesser extent in firmer tissue than
softer tissue. Differential displacement can be revealed byFig. 1 Sonoelastography of the plantar fascia. B-mode sonogram
screen. A rectangular region of interest (ROI) is indicated by the wh
the right appears within the ROI as a color-coded image superimpos
of the screen indicates the relative stiffness of the tissues within t
medium stiffness.comparing pre- and postcompression pairs of radiofrequency
signals that comprise the image frames. “Strain” value is the
rate of change in tissue displacement as a function of the
distance from the transducer, and this can be calculated for
all points in an image. In firmer tissue, the strain is minimal
because all points within the tissue move as a unit and
displace approximately the same amount when compressed.
In softer tissue, strain is greater because points closer to the
compression source are displaced by a greater extent than
those that are farther away [1]. In a conventional ultrasound
machine, computer software calculates displacement,
which is technically defined as strain, in real time [10]. In
real-time compression sonoelastography, the B-mode and
the elastogram are concurrently displayed, in juxtaposition,
on the screen. The elastogram appears within a rectangular
region of interest (ROI) as a color-coded image superimposed
over the B-mode image (Fig. 1). The color indicates the
relative stiffness of the tissues within the ROI.
Acoustic radiation force impulse (ARFI) elastography is
another technique used to measure tissue strain [11,12].
The transducer transmits an initial pulse of ultrasound at
a diagnostic intensity level in order to obtain baseline
signals for later comparisons. The same transducer then
transmits a higher intensity “push pulse” to produce small
tissue displacements. A series of diagnostic intensity pulses
(“detection pulses”) can be used to measure the magnitude
of the tissue displacement in response to the applied force.
This can potentially be used to create elastograms of the
locations where manual compression is not possible or is
ineffective for producing tissue displacement [1,8]. ARFI
imaging can also be used to determine the velocity of
a shear wave that propagates vertically in relation to theand elastogram are concurrently displayed, side by side, on the
ite dotted line on the left B-mode sonogram. The elastogram on
ed over the B-mode sonogram. The color bar in the upper right
he ROI, ranging from red (hard) to blue (soft). Green indicates
Fig. 3 A 47-year-old man with a normal Achilles tendon.
Longitudinal sonoelastography view showing the distal third of
a healthy Achilles tendon in blue to green (A, between lines),
which indicates stiff tissue. Retrocalcaneal bursa (black arrow)
is well-depicted in red, indicating extreme softness. White
arrows indicate skin (image courtesy of De Zordo et al).
Sonoelastography in Tendinopathy 81“push pulse.” The shear wave velocity is considerably
slower than the acoustic wave velocity and is, therefore,
easier to measure. Shear waves move at a faster rate
through harder tissue. Thus, measuring the speed of the
shear waves propagating through a tissue can provide
information regarding its stiffness (Fig. 2).
In this focused review, we would discuss about current
clinical utilities and technical considerations in applications
of sonoelastography in tendons and fascia.
Clinical applications
Achilles tendon
The Achilles tendon is the largest and strongest tendon in the
humanbody. Itsmechanical properties canpotentially affect
its endurance to mechanical stress and injury [13,14]. The
Achilles tendon consists of parallel bundles of type I collagen
[15]; therefore, it would be expected to identify this tendon
as a firm or hard structure using sonoelastography. De Zordo
et al first analyzed the Achilles tendon using sonoelastog-
raphy and described healthy Achilles tendons as hard struc-
tures (Fig. 3) [16]. They also observed softer tendon
structures in the musculotendinous junctions of the Achilles
tendons in certain study participants, although these
participants did not have achillodynia. Conventional ultra-
sound also showed hypoechoic changes in these locations.
The authors, therefore, suggested that the observed alter-
ations in the Achilles tendons were preclinical manifesta-
tions (Fig. 4). Drakonaki et al investigated the reproducibility
of sonoelastography, observing good inter- and intraobserver
agreement using a categorical scale, which obtained values
indicating greater correlations between longitudinal elas-
tograms than transverse elastograms [17].
In pathological Achilles tendons, abnormal reparative
processes lead to unequal and irregular crimping, loos-
ening, increased waviness of the collagen fibers, and an
increased amount of type III collagen [18]. Arya et al used
conventional B-mode ultrasound and dynamometry to
demonstrate that tendinopathic tendons exhibit lower
tendon stiffness and Young’s modulus [19]. Using sonoe-
lastography, De Zordo et al also observed distinct softening
of symptomatic Achilles tendons [20] (Fig. 5) that more
frequently involved the distal (64%) and middle (80%) thirdFig. 2 The region of interest (ROI) located within the
gastrocnemius muscle. The mean shear wave velocity in the
ROI is 1.45 m/second.of the Achilles tendon than the proximal third (28%).
The authors also examined contralateral asymptomatic
Achilles tendons in patients with Achilles tendinopathy,
observing that alterations in the asymptomatic Achilles
tendons were more evident using sonoelastography than
conventional ultrasound. The authors suggested that these
asymptomatic alterations could be interpreted as subclin-
ical findings because of the ability of the sonoelastography
to differentiate lesions with similar echogenicities [20].
Conversely, Sconfienza et al observed increased stiffness
in symptomatic rather than normal Achilles tendons using
sonoelastography [21] using the same system applied by De
Zordo et al. The authors could not identify explanatoryFig. 4 A 26-year-old asymptomatic woman (image courtesy of
De Zordo et al). (A) Longitudinal ultrasound scan showing hypo-
echoic alterations in the dorsal part of the Achilles tendon (A,
between lines). The arrows indicate skin; stars indicate anterior
peritendinous tissue. (B) Real-time sonoelastography image cor-
responding with (A),showing changes in tissue elasticity. Distinct
softening is observable in thedorsal partof theAchilles tendon (A,
between lines). Arrows indicate skin; stars indicateperitendinous
tissue. Red indicates soft tissue; blue and green indicate hard
tissue; and yellow indicates tissue of intermediate stiffness.
Fig. 5 (A) A 62-year-old man with a symptomatic Achilles tendon. A longitudinal B-mode ultrasound image showing a thickened
midportion (arrows). Hypoechoic inhomogeneity is observable, especially in the dorsal part of the tendon. (B) Corresponding
longitudinal sonoelastography scan showing a red section in the dorsal Achilles tendon (arrows) (image courtesy of De Zordo et al).
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partly relate to the use of different ultrasound transducers
and color grading scales. The relatively smaller patient
population in the study reported by Sconfienza et al might
also have influenced the results. The Achilles tendon proxi-
mally attaches to the triceps suraemuscle; therefore,muscle
tone greatly affects the amount of tension in the Achilles
tendon. Achillodynia might induce muscle spasms that
influence tendon tension and, thus, Achilles tendon stiffness.
Neither of these studies clearly addressed this issue, which
could have caused the conflicting results. Further large-scale
in vivo or cadaveric studies are needed for verification.Common extensor tendon at the lateral epicondyle
of the elbow
A histological study by Chard et al described collagen
degeneration, angiofibroblastic proliferation, tissue necrosisFig. 6 Lateral epicondylitis. All alterations (arrows) on the ultra
real-time sonoelastographic images (B, D, and F). (A,B) A 41-year-ol
man with a partial tear. (E,F) A 47-year-old man with a large area
(image courtesy of De Zordo et al). All images are longitudinal scawith myxoid and hyaline degeneration, and fibrosis in lateral
epicondylitis [22]. In addition to themost commonultrasound
finding of focal hypoechoic areas in the extensor tendon [23],
these pathological changes might lead to changes in the
material properties. Khoury et al [24] proposed a novel
sonographic sign of common extensor tendinopathy (“teno-
malacia”),whichmeans softeningof the tendonand indicates
increased compressibility of the tendon. Using sonoelastog-
raphy, De Zordo et al [25] identified distinct softening of the
common extensor tendon in patients with lateral epi-
condylitis (Fig. 6). Comparedwith the clinical diagnosis, real-
time sonoelastography provided 100% sensitivity, 89% speci-
ficity, and 94%accuracy. These values are superior to those of
conventional ultrasound (95%, 89%, and 91%, respectively).
The authors concluded that sonoelastography can be used to
differentiate healthy and symptomatic diseased extensor
tendon origins at the lateral epicondyle, providing evidence
that shows strong correlations with evidence obtained from
ultrasound and clinical examinations [25].sound images (A, C, and E) appear as areas of softening on the
d woman with intratendinous tendinopathy. (C,D) A 27-year-old
of tendinopathy and involvement of the superficial structures
ns. lat. epi. Z lateral epicondyle; r Z radial head.
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The etiology of plantar fasciitis is multifactorial, with
mechanical overload and degeneration regarded as the
main contributory factors [26]. On conventional ultrasound
examinations, plantar fasciitis can appear as a thickening of
the plantar fascia with reduced echogenicity within the
proximal plantar fascia and fluid collection [27]. However,
previous studies have not consistently shown changes in
echotexture [28,29]. Using quantitative analysis of sonoe-
lastographic images, Wu et al identified softening of the
plantar fascia at the proximal insertion in patients with
plantar fasciitis [30] (Fig. 7). The authors reported a high-
value intraclass correlation coefficient, with an interrater
reliability of 0.765 (95% confidence interval: 0.505e0.888)
and an intrarater reliability of 0.818 (95% confidence
interval: 0.617e0.913) [30]. They suggested that sonoelas-
tography can provide information on the mechanical prop-
erties of tissue, in addition to morphological information
that can be provided by conventional ultrasound; thus, it
could be used to broaden the understanding of the disor-
ders of the plantar fascia. Wu et al also used sonoelastog-
raphy to identify softening of the plantar fascia in a patient
with the typical clinical findings indicative of plantar fas-
ciitis but with normal B-mode sonographic findings [31].
This implies that changes in elasticity might occur at an
earlier stage than changes in morphology. Further studies
using larger populations are warranted for verification.
When comparing sonoelastography with conventional
ultrasound and magnetic resonance imaging (MRI), Kapoor
et al [32] observed statistically significant differences
between sonoelastography and B-mode ultrasound for the
diagnosis of plantar fasciitis (95% sensitivity and 100%
specificity vs. 65.8% and 75%, respectively). The authors
concluded that the combination of sonoelastography with
ultrasound improved the accuracy from 68% to 96%,
providing results comparable to those obtained using MRI.Limitations and technical considerations
Previous studies using sonoelastography have demonstrated
several limitations that should be discussed. Most studies
recruited relatively small populations, and their cross-
sectional designs were unable to demonstrate the causes
and effects of the symptoms and elasticity changes. These
studies also failed to provide correlations between the
pathological findings. Longitudinal studies with larger
populations are, therefore, needed to verify these prelim-
inary findings, including correlations with the results from
histopathological examinations and other imaging
modalities.
Currently, sonoelastography is a highly operator-
dependent technique. In freehand compression elastog-
raphy, too heavy or too gentle of a compression can distort
elastograms because of nonlinear changes in tissue elas-
ticity. Few studies have mentioned the inter- or intra-
reliability of sonoelastography [17,30]. In order to avoid
artifacts caused by too heavy or too gentle pressure,
several commercially available systems provide on-screen
visual indicators. For example, a “quality factor” (ACU-
SON S2000 system, Siemens, Germany) 60 indicates theoptimal compression force [30], whereas a “strain indi-
cator” (HV900, Hitachi, Japan) on the lateral part of the
elastogram, which is expressed as a numeric scale ranging
from level 1e6, indicates if displacement is sufficient to
calculate local strains within the ROI [17]. Using these
visual indicators, preliminary sonoelastography studies
have provided results with good to excellent reliability
[17,30].
Qualitative descriptions of sonoelastography (such as
grades I, II, and III) might also influence the reliability of the
study results because of the subjectivity of different
examiners. The dimensions of the ROI influence elastograms
because the ROI is used to calculate the mean elasticity of
each pair of images. A tendon appears as a harder structure
when a large ROI is used, which includes a greater amount of
surrounding softer tissue than when a smaller ROI is used,
which naturally includes less surrounding soft tissue.
Therefore, an objective description of sonoelastography, or
a technique that measures the intrinsic material properties,
is needed. For example, the “strain index” is calculated as
the ratio of the strain in one tissue in comparison with
another tissue with different stiffness. This facilitates
comparisons between different tissues because the same
tissue can be used as the denominator. Even though Wu et al
conducted quantitative imaging analysis of elastograms
[30], their methods were limited because of the need for
postexamination analysis, which does not provide real-time
information. In current research, efforts are being made to
measure the intrinsic material properties rather than the
relative strain. Using an ARFI system, for example, to
measure shear wave velocity enables the calculation of the
shear modulus and provides a representation of tissue
stiffness. However, in our experience, applying ARFI using
a commercially available system (e.g., Virtual Touch
Quantification in ACUSON S2000 system, Siemens, Germany)
for the evaluation of tendons is not without limitations. An
unadjustable ROI is one drawback because the thickness of
the human tendon is usually narrower than the width/length
of the ROI of the system (Fig. 8). Another drawback is the
low frame rate of sampling because the shear wave velocity
in the tendons is faster than that in internal organs, such as
the liver and thyroid. Resolving these two main problems
might enable the practical application of AFRI for the
evaluation of tendons.
A further limitation of sonoelastography is its poor
spatial resolution. The parameters that yield the best
spatial resolution have yet to be elucidated. In studies using
simulated echo data, the attained axial resolution in elas-
tography was directly proportional to the wavelength and
inversely proportional to the bandwidth of the ultrasound
transducer used to acquire data [33], and the lateral
resolution is proportional to the beamwidth of the ultra-
sound transducer used to acquire data [34]. In one experi-
mental study, the axial and lateral resolutions of the strain
elastograms were >1 mm for a 5-MHz, 60% fractional
bandwidth, 1-mm beamwidth transducer [35]. In clinical
practice, the axial and lateral resolutions are insufficient
and do not provide a clear depiction of the borders
between fat and tendons on an elastogram. However,
superimposing the elastogram onto the B-mode image
allows correlation between the color distribution and the
anatomical structures.
Fig. 7 (A) Sonoelastography of plantar fascia in an asymptomatic 26-year-old woman. (B) Sonoelastography of plantar fascia in
a 51-year-old woman with plantar fasciitis. A larger green area can be observed within the proximal plantar fascia.
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Fig. 8 An unadjustable region of interest (ROI) usually covers
an area larger than the targeted Achilles tendon because the
thickness of the human tendon is typically narrower than the
width/length of the ROI of the imaging system. The shear wave
velocity could not be measured and is shown as X.XX m/
second.
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Sonoelastography provides a noninvasive means of esti-
mating tissue stiffness. Whereas B-mode ultrasound
provides information on the morphology of tendons,
sonoelastography can provide additional information on
their mechanical properties. Thus, its use can increase our
understanding of tendons and their pathologies. Prelimi-
nary studies that applied sonoelastography to the study of
the musculoskeletal field have provided promising results;
however, histopathological correlation is needed to confirm
these findings. Several technical limitations also need to be
overcome in order to improve the capability of sonoelas-
tography for detecting tendinopathies at an earlier stage.
Future longitudinal studies could focus on the potential use
of sonoelastography to screen for and perform posttreat-
ment follow-up of tendon diseases.References
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